Utility of combined annotation-dependent depletion (CADD) score was recently reported to rank pathogenicity as C-scores ranging 1-99 for both confirmed deleterious mutation. Using C-scores for BRCA1/2 variants, we tried to constitute the classification system for variant of uncertain significance (VUS), which had been a major problem of genetic testing for hereditary breast and/or ovarian cancer. We analyzed BRCA1/2 genes for 283 patients with breast and/or ovarian cancer. The deleterious mutation and missesne mutations, minor variant, and wild type of BRCA1 and -2 were 5, 27, 251 and 15, 85, 183, respectively. Meanwhile, the variants with C-score ≥10 were involved in 19/283 (6.7%) in BRCA1 and 34/283 (12%) in BRCA2. All deleterious mutations were included in this group. Frequency of personal history and family history of ovarian cancer were significantly high, and frequency of serous adenocarcinoma of ovary and triple negative breast cancer was relatively high in the group with deleterious mutations. Similar findings were seen in patients with variants of C-score ≥10. According to the C-score and population frequency, we could define VUS for 11 patients out of 283 patients (3.9 CADD is useful to classify the variant of BRCA1/2 and selecting the patient who needs further segregation studies.
In contrast, combined annotation-dependent depletion (CADD) score was recently reported by Kircher et al 9 CADD can rank the pathogenicity as C-scores ranging 1-99 for both convinced deleterious mutations (frameshift and nonsense) and missense mutations.
This ranking is meaningful for classifying the variants.
Using C-scores for BRCA1/2 variants, we tried to constitute the classification system for VUS, which is important for genetic counseling to clarify the pathogenesis of variants.
| MATERIALS AND METHODS

| Patients and methods
We carried out next-generation analysis for BRCA1/2 genes for 283 patients with breast and/or ovarian cancer from September 2013 to December 2016. Patients were selected according to National Comprehensive Cancer Network (NCCN) criteria for future genetic evaluation. 10 This cohort consisted of 177 patients with breast cancer, 12
with breast and ovarian cancer, and 94 with ovarian cancer, in which only 15 patients (5.3%) did not meet the criteria of the NCCN criteria.
Our cohort consisted of breast and/or ovarian cancer patients with a high risk for HBOC. The deleterious mutation, minor variant, and wild type of BRCA1 and 2 were 5, 27, 251 and 15, 85, 183, respectively.
Next-generation sequencing for BRCA 1/2 germline gene was done using Ion AmpliSeq TM BRCA1 and BRCA2 Panel (Thermo Fishier Scientific, Waltham, MA, USA) containing 167 primer pairs. Detailed methods were described in our previous reports.
11 ,12 Classification of deleterious mutation was applied for frameshift, nonsense, and splice site mutations that lead to premature truncation of the protein. Most of the cases were analyzed for their large deletion by the Multiplex Ligation-dependent Probe Amplification (MLPA) method which was carried out by FALCO Biosystems (Kyoto, Japan). Missense variants with minor allele frequency (MAF) <0.01 were selected as rare variants according to 1000 Genomes Project data, 13 in which deleterious mutations were determined by available databases and reports.
Combined annotation-dependent depletion (CADD) was applied for these rare variants as well as for deleterious mutations. C-scores were obtained by non-commercial applications developed by Kircher et al 9 CADD annotations were made using a wide range of data types including conservation matrix such as Genomic Evolutionary Rate Profiling (GERP), 14 phastCons, 15 and phyloP 16 ; functional genomic data such as DNAase hypersensitivity and transcription factor binding; transcript information such as distance to exon-intron boundaries or expression levels in commonly studied cell lines 17 ; and protein-level scores such as that of Grantham, 18 SIFT, 19 and PolyPhen. 20 In the CADD system, a support vector machine (SVM) is trained and Phred-like scores (scaled C-scores) are defined ranging from 1-99, based on the rank of each variant relative to all possible 8.6 billion substitutions in the human reference genome. 9 The results of this transformation are "scaled" C-scores.
Top 10% in the ranking of CADD scores are assigned C-score 10, top 1% to C-score 20 and top 0.1% to C-score 30 etc.
Patients with variants were divided into 4 groups: deleterious mutations; variants with C-score ≥10; variants with 10 > C-score Finally, we showed our classification for the minor variants using C-score and segregation studies compared with the classification of the other annotation systems (SFIT and PolyPhen2) and representative database of ClinVar.
| Statistical analysis
Frequency of variants were statistically analyzed using Fisher's exact test and v
2
-test as appropriate (StatMate by ATMS, Tokyo, Japan).
3 | RESULTS
| Variants with C-score ≥10 in BRCA1 and
BRCA2
Variants with C-score ≥10 were involved in 19/283 (6.7%) in BRCA1
( Figure 1A ) and in 34/283 (12%) in BRCA2 ( Figure 1B ). All deleterious mutations scored over 10 by CADD, except for one patient with a large deletion of BRCA2 which was excluded from this study.
Number of variants including deleterious mutations and rare variants of BRCA1 was 33. Among the 33 variants, 19 cases (57%) were Cscore ≥10, none were 10 > C-score ≥1, and 14 cases were C-score <1. Consequently, 5 cases out of the 19 cases with C-score ≥10 (26%)
were defined as deleterious (2 frameshift and 3 nonsense mutations).
Among the 119 variants in BRCA2, C-score ≥10 was seen in 34/ 119 (28%) ( Figure 1B ). Deleterious mutation was defined in 14/34 (41%) variants with C-score ≥10. However, C-score was not obtained for 1 patient with a large deletion detected by MLPA that is indicated by a star in Figure 1B .
Frequency of BRCA1 C-score ≥10 was significantly high (P = .01) 
| Clinical features of variations with deleterious
mutations, variants with C-score ≥10, and 10 > C-score ≥1
We compared clinical features of HBOC among 4 groups: deleterious mutations; variants with C-score ≥10; 10 > C-score ≥1; and control group (including variants with C-score <1 and wild type). Frequencies of personal history and family history of ovarian cancer were significantly high in the group with deleterious mutations. Also, frequency of serous adenocarcinoma of ovary and TNBC was relatively high (Table 2) .
Similar findings were seen in the variants with C-score ≥10 in which personal history of ovarian cancer was significantly high and frequency of serous adenocarcinoma was relatively high. According to clinical features of breast cancer, significant differences were not seen in both the deleterious mutations group and in variants with C-score ≥10.
| Classifications for minor variants using C-score and population frequencies
Classifications for deleterious mutations and rare variants of BRCA1
and BRCA2 are listed in Tables 3 and 4 , respectively. According to the C-score and population frequency that was estimated by the number of patients carrying the same variants, we excluded variants as polymorphism and classified VUS for 7 patients with BRCA1 and 4 patients with BRCA2. In total, 11 patients out of 283 patients (3.9%) were classified as VUS.
The classifications for the other variants are shown in Table 3 .
Variants of p.Tyr856His and p.Ser1577Pro were seen in 5 and 3 patients, respectively. The population frequency was estimated as relatively high and classified as benign polymorphism. They were classified as conflicting (likely benign) in the ClinVar database. Meanwhile, variants with C-score <10 in BRCA1 were observed in 13
cases. The variant of p.Met1628Thr was seen in 9 patients, estimated high population frequency to be classified as benign, and the remaining 4 variants were also classified as benign by other in silico analysis (SIFT and PolyPhen 2). These missense mutations were estimated as benign polymorphism.
The classifications for BRCA2 variants are shown in Table 4 . The variant of p.Lys2729Asn with C-score 23.1 was seen in 10 patients, in whom one patient had another BRCA2 deleterious mutation, so as VUS, and they were not documented in the ClinVar database.
We classified 11 variants with C-score <10 as benign because of the following reasons. The variants of p.Gly2044Val, p.Val2109Ile, p.Met784Val, and p.Met784Val were seen in 12, 7, 12, and 38 patients to be estimated as benign by high population frequency.
The other variants were seen individually. All of these variants were not documented in the ClinVar database, but were estimated as benign and/or tolerated in SIFT and PolyPhen2.
| Segregation studies for 3 patients with rare variants
We obtained important information by genetic counseling and segregation studies for patients with rare variants as follows.
| Case 1
A 73-year-old woman with breast cancer was found to have BRCA1 p.Val271Met with C-score of 24. This variant was judged benign by
Myriad (we had validation data with FALCO Biosystems) 11 and uncertain by ClinVar. She had an aunt with breast cancer, a brother with pancreatic cancer and a daughter with ovarian cancer (Figure 2A ).
Her daughter with ovarian cancer had genetic counseling and testing showed the same variant. She suffers from recurrent serous adenocarcinoma of the ovary. Correlation of the variant and HBOC was suspected in this case. We need further follow up for this family.
| Case 2
A 45-year-old woman with breast cancer was found to have BRCA2 p.Lys322Gln with C-score of 16.89. This variant was identified in 6 patients with breast cancer. She has a sister suffering from breast cancer since 40 years of age but no other family members with cancer ( Figure 2B ). Her sister was referred to genetic counseling and testing showed her not to have the same variant. The frequency of this mutation was estimated to be high. According to these findings, we recognized the pathogenicity of this variant as low.
| Case 3
A 71-year-old woman with breast cancer had a variant of BRCA1 p.Met1628Thr with C-score of 0.023. This variant was not documented in the ClinVar database. Her mother had colon cancer, a brother had liver and gastric cancer, and a daughter suffered from breast cancer at 46 years of age ( Figure 2C ). Her daughter was | 457 referred to genetic counseling and testing. This variant was not found in the daughter, so the pathogenicity was defined to be low.
| DISCUSSION
It is important in genetic counseling and testing to provide an appropriate explanation for variants. Most variants may not be asso- There are several online database resources that provide some interpretation of BRCA sequence variants, such as The Breast Cancer Information Core (BIC), 23 Human Variome Project, 24 or ClinVar. 25 We referred each variant to ClinVar as a standard reporting database recommended by The American College of Medical Genetics. 7 As mentioned earlier, some variants were not documented in the ClinVar database, so that we needed another system to classify the variants. 9 Also, we can compute a "C-score" for all 8.6 billion possible human single nucleotide variants and short insertion/deletions. C-score correlates with allelic diversity, annotation of functionality, pathogenicity, disease severity, experimentally measured regulatory effect and complex trait associations, and highly ranks known pathogenic variants within individual genomes.
There are several studies of the power of CADD to classify the variants of familial cancer panels [29] [30] [31] in which superiority of the CADD score rather than other in silico analysis is reported. Although limited clinical validity for the identification of pathogenic variants in non-coding regions has been reported, 30 as well as the original report by Kircher, 9 the validity of the C-score ≥10 in clinically relevant genes was also suggested in a dataset of mismatch repair gene variants. 31 We still have no reports concerning the validation of CADD in BRCA mutations. In practice, we could not define pathogenicity as "deleterious"
by C-score individually, as clinical evidence is necessary to determine the pathogenicity. CADD might be useful to select the VUS which is referred for genetic counseling and for segregation studies.
Information gained by segregation studies is significant for both patients and clinicians. We can avoid an ambiguous explanation for the patient about variants using C-score and segregation studies.
Although several strategies to classify VUS were reported, 37, 38 we established the counseling system using CADD in which targeted VUS were easily selected and we can propose significant segregation studies for the patients. We could reduce the frequency of VUS at 3.9% using CADD and population frequency. We tried further segregation studies for the patients with variants classified as VUS, and determined a benefit of using C-score for genetic counseling.
ACKNOWLEDG MENTS
We thank Hidetoshi Shigetomo, Yumi Kubota, Rituko Yokouchi, and Nao Sato for their assistance.
CONFLI CTS OF INTEREST
Authors declare no conflicts of interest for this article. Her daughter was referred to genetic counseling and testing. This variant was not found in the daughter, so the pathogenicity was defined to be low
